Simultaneous optical imaging spectroscopy and laser-Doppler flowmetry were used in rodent barrel cortex to examine the hemodynamic response to extended electrical stimulation (20 s, 5 Hz) of the whisker pad. Stimulation results in a fast early increase in deoxyhemoglobin concentration (Hbr) followed by a later decrease to a "plateau" phase ϳ4 s after stimulation onset. There was no corresponding decrease in oxyhemoglobin (HbO 2 ), which simply increased after stimulation, reaching a plateau at ϳ5 s. The time series of flow and volume had similar onset times and did not differ significantly throughout the presentation of the stimuli. Following stimulation cessation all aspects of the hemodynamic response returned to baseline with a long decay constant (>20 s), CBV doing so at a slower rate than CBF. The time courses of CBF, CBV, Hbr, and HbO 2 were very similar to that produced by a brief stimulus up to peak. The relationship between the flow and the volume changes is well approximated by the expression CBV ‫؍‬ CBF . We find to be slightly lower under stimulation (0.26 ؎ 0.0152) than during hypercapnia (0.32 ؎ 0.0172). Saturation and flow data were used to estimate changes in CMRO 2 for a range of baseline oxygen extraction fractions (OEF). In the case of hypercapnia CMRO 2 was biphasic, increasing after onset and sharply decreasing below baseline following cessation. If it is assumed that there is no "net" increase in CMRO 2 (i.e., ¥⌬CMRO 2 ‫؍‬ 0) following the onset and offset of hypercapnia, then the corresponding estimate of baseline OEF is 0.45. Evidence for increased oxygen consumption was obtained for all stimulation intensities assuming a baseline OEF of 0.45.
INTRODUCTION
Blood oxygen level-dependent (BOLD) functional magnetic resonance imaging (fMRI) relies on changes in concentration of the endogenous paramagnetic contrast agent deoxyhemoglobin (Hbr) produced by neural activity. The understanding of the physiological underpinnings of the BOLD response is vital for the interpretation of fMRI data used to map the functional architecture of the human brain. We have previously demonstrated the efficacy of optical imaging spectroscopy to investigate changes in the concentration of oxyand deoxyhemoglobin in rodent barrel cortex at high temporal resolution (Mayhew et al., 2000) . If perfusion measurements are made concurrently with laser-Doppler flowmetry then all aspects of the hemodynamic response can be examined simultaneously (Jones et al., 2001; Malonek et al., 1997; Nemoto et al., 1999) .
The BOLD response is characterized by a positive signal change, which corresponds to the "washout" of deoxyhemoglobin in the capillary and venous compartments caused by increased inflow of fresh blood (Hoge et al., 1999a; Ogawa et al., 1992) . Features of the BOLD response which still provoke debate are an initial signal decrease (the so-called "early dip") and the poststimulus undershoot. The poststimulus undershoot has been observed since the first fMRI experiments in humans (Kwong et al., 1992) and is thought to be the result of volume returning to baseline at a slower rate than flow following the offset of stimulation (Mandeville et al., 1999a) . The early dip is due to an increase in deoxyhemoglobin following stimulation and its greater spatial and temporal concordance with neural activity has resulted in great interest in this BOLD transient . Although it has been reported in monkey (Logothetis et al., 1999; Shtoyerman et al., 2000) , cat , and human visual (Janz et al., 2000) and even motor cortex (Yacoub and Hu, 2001) , it is not always found. In rodent fMRI it is particularly elusive even at high field strength (Silva et al., 2000) . We have previously reported the presence of a fast early increase in deoxyhemoglobin following brief stimulation (1 s) of rodent barrel cortex (Jones et al., 2001; Mayhew et al., 2000) . Here we investigate the presence of this phenomenon following stimuli of longer duration.
Although the dip was initially interpreted as evidence for increased CMRO 2 (Malonek et al., 1997) it has been demonstrated that it could be due to volume increase alone even if CMRO 2 remains constant (Hathout et al., 1999) . Indeed, ever since the seminal studies of Fox and Raichle (1986; Fox et al., 1988) , who reported commensurate increases in flow and glucose uptake (50%) but a disparately lower rise in oxygen consumption (5%), above-baseline neural activity was assumed to be largely anaerobic. In contrast, modern MRI (Hoge et al., 1999b) and optical imaging studies (Jones et al., 2001 ) report flow-CMRO 2 couplings in the ratio of ϳ2:1. However, the use of fMRI to calculate CMRO 2 relies on the use of a hypercapnic calibration (Davis et al., 1998; Hoge et al., 1999b; Kim et al., 1999; Mandeville et al., 1999b) , to assess the amount of R2* at baseline which is due to BOLD effect. This calibration rests on the crucial assumption that hypercapnia produces increases in perfusion with negligible increases in CMRO 2 (Hafkenschiel and Friedland, 1952; Kety and Schmitdt, 1948; Novack et al., 1953) . As such a calibration is required before CMRO 2 can be estimated by fMRI techniques, the time course of possible CMRO 2 changes following hypercapnia cannot be investigated. Although we have attempted to investigate changes in oxygen consumption under different conditions (Jones et al., 2001; Mayhew et al., 2001b) , the estimation of CMRO 2 changes using optical imaging spectroscopy is not without its difficulties. Although optical imaging spectroscopy can measure changes in deoxyhemoglobin concentration, the measurements are from an intrinsically well-mixed compartment. Methods to calculate CMRO 2 changes typically exploit Fick's principle and therefore require deoxyhemoglobin concentrations to be derived solely from venous blood (see Eq. (2), Materials and Methods). However, a range of CMRO 2 changes can be estimated using optical imaging spectroscopy (OIS), if fractions of the measured Hbr and volume changes are assigned to the venous compartment (The "ratio method:" Jones et al., 2001; Mayhew et al., 2001a,b) . We previously reported that our hypercapnia data were compatible with no increase in CMRO 2 if the partitioning of the measured hemodynamic changes between the vascular compartments differed from those that occurred with stimulation data (Jones et al., 2001) . The hypercapnia procedure involved gradual elevation of the fraction of inspired carbon dioxide (FICO 2 ) to 5%. Here both 5 and 10% FICO 2 are used. CO 2 is dynamically added and removed from the gas mixture to further explore the nature of oxygen delivery to the brain during hypercapnia.
Of further relevance to the estimation of CMRO 2 with MRI is the relationship between blood flow and volume. As MRI can be used to noninvasively measure perfusion and deoxyhemoglobin changes (by FAIR and R2* changes, respectively), whereas volume measurements require the administration of superparamagnetic intravascular contrast agents (e.g., MION, AM1-227), the scaling of flow into volume is used extensively to estimate changes in CMRO 2 (Davis et al., 1998; Hoge et al., 1999a,b; Kim et al., 1999; Mandeville et al., 1999b) and in the modeling of the hemodynamic response to activation (Buxton and Frank, 1997; Hyder et al., 1998 ). Grubb's original "power" law (Grubb et al., 1974) showed that for steady-state hypercapnia, flow and volume could be related by the expression CBV ϭ CBF 0.38 . We have previously demonstrated an exponent of 0.3 in the rat for both brief stimulation episodes and "steady-state" hypercapnia. Mandeville et al. (1999a) also reported a value of (0.18) lower than Grubb's original for brief stimulation. However, after extended stimulation a of 0.36 was reached. Here we further investigate the flow volume relationship following extended stimulation.
MATERIALS AND METHODS

Animals
The animals used were Hooded Lister rats weighing between 300 and 400 g, kept in a 12-h dark/light cycle environment at a temperature of 22°C with food and water ab libitum.
Surgery
The subjects were anesthetized with urethane (1.25g/kg ip), and atropine (0.4 ml/kg sc) was administered to reduce mucous secretions during surgery. The rats were placed in a stereotaxic holder (Kopf Instruments). A midline incision was made to expose the surface of the skull. The barrel cortex is located in a region approximately 1-4 mm posterior to bregma and 4 -8 mm lateral of midline. After bregma was located the temporalis muscle covering the lateral aspect of the skull was sutured back and the barrel area was marked. The skull overlying the barrels was thinned to translucency with a dental drill under constant cooling with saline. The thinned skull preparation has the advantage over a full craniotomy in that it allows ad- equate image quality while at the same time preserving the integrity of the brain surface environment. A plastic chamber (in-house design) was placed over the "window" and attached to the skull with dental cement. The chamber was filled with saline and a coverslip was secured to its surface. This procedure prevents specularities from the skull's surface corrupting data. Rectal temperature was maintained at ϳ37°C with a thermostatic heating pad. ECG electrodes were attached to monitor heart rate. A tracheotomy was performed to enable artificial ventilation (20% O 2 , 80% N 2 , 1-1.3 Hz). The femoral artery and vein were cannulated for measurement of blood pressure and infusion of drugs, respectively. Phenylephrine (0.13-0.26 mg/h) was infused to maintain blood pressure between physiological limits (MABP; 100 -110 mm Hg) (Golanov et al., 1994; Nakai and Maeda, 1999) . Following surgical preparation the animal was left for at least 30 min before the experiment began. Blood gas analysis was performed at regular intervals (see Table 1 ). End-tidal CO 2 was monitored (Capstar 100) and respiratory parameters were adjusted to keep PCO 2 in the range 32-40 mm Hg.
Imaging Data Collection
The spectroscopic data collection and analysis procedures have been described in detail (Mayhew et al., 1999 (Mayhew et al., , 2000 . They are briefly reviewed here. The basis of the experimental procedure is to first locate a whisker barrel using established techniques and single wavelength (ϳ590 nm) illumination. A brief (ϳ1 s) stimulation of somatosensory cortex using vibrissal stimulation (5 Hz, 1.2 mA) is given every 35 s for 30 trials. Stimulation is under computer control using electrical stimulation of the whisker pad via tungsten electrodes inserted in an anterior direction each side of the D1 whisker and ϳ2 mm along the D barrel row. On each trial, image data are collected and stored over a 12-s period starting 8 s before stimulation onset. Frames are collected at 15 Hz using a 12-bit SMD (1M60) digital camera. The data are averaged over the 30 trials on a frame-by-frame basis before being subjected to further analysis to remove the low-frequency oscillatory noise. The barrel is located using a signal source separation algorithm which uses a "weak model" of the expected temporal response as a filter to remove contributions from low-frequency baseline oscillations and isolate the effects of the response to the stimulation (Zheng et al., 2001) . We refer to the model as "weak" as it uses information only about onset of stimulation and the heuristic that the prestimulus variance will be less than the poststimulus variance. The algorithm returns, in order, the spatial maps of the intrinsic signal changes which best satisfy the weak temporal model and the corresponding time courses. After localization of the barrel the spectrograph is mounted on the camera and positioned such that the 100-m slit is sited appropriately over the center of the barrel region (Fig. 1 ).
Laser Doppler Flowmetry (LDF)
Following placement of the spectrograph an LDF probe (a PeriFlux 2; Perimed, Stockholm; fiber separation 0.25 mm) is placed over the barrel region (Ͻ1 mm from skull surface) avoiding large blood vessels (Fig. 1) . The LDF spectrometer includes a propriety linearization algorithm to reduce possible error caused by changes in blood volume (Nilsson, 1984) . The time constant of the LDF was 0.2 s and the bandwidth was set to 12 kHz. As the LDF system utilizes a helium-neon laser with a wavelength of 632.8 nm, a notch filter of this wavelength was attached to the spectrograph to prevent cross talk. To prevent cross talk in the opposite direction the spectrograph light source was fitted with a filter of cut-off 624 nm. An LDF time series was collected concurrently with spectrographic data for each of the following conditions.
Extended Stimulation (n ϭ 7)
The electrical stimulation parameters were similar to those used in fMRI studies (Silva et al., 1999 (Silva et al., , 2000 . A constant-current source stimulator was used to generate a 0.3-ms pulse at 5 Hz. We used four levels of intensity (0.4, 0.8, 1.2, and 1.6 mA). The amplitude of whisker deflection increased with stimulation intensity. ECG and MABP monitoring showed no response to stimulation at these intensities. Each trial was 50 s long. The stimulation was for 20 s and occurred from the 10th second of each trial. An intertrial period of 55 s was provided between each trial to prevent any possible habituation effects given the prolonged nature of the stimulus. Data were averaged over 15 trials.
Brief Hypercapnia
A 4-min (240 s, 1800 frame) period of data was collected. The FICO 2 was elevated to either 5 or 10% for 60 s (60 -120 s of the data collection period). Each level of hypercapnia was repeated three times for each subject.
Spectroscopic Analysis
The spectrographic analysis algorithm takes into account the effects of light scattering by tissue. A technical problem associated with spectroscopic analysis of in vivo data arises from the effects of tissue scattering, and a weakness of many algorithms is the failure to deal adequately with the nonlinearities introduced by the variation of optical path length with wavelength (Cope et al., 1991; Matcher et al., 1995) . The analysis we use (path-length scaling analysis; PLSA) is based on a Monte Carlo simulation of light transport through tissue. This was used to precompute a lookup table relating changes in attenuation to changes in the absorption and tissue scattering parameters. The analysis method requires estimates of the baseline concentration and saturation levels. The values reflect concentration in brain tissue rather than in the blood itself. We find that the results of the analysis are qualitatively the same over a large range of hemoglobin concentration values (e.g., Jones et al., 2001, Fig. 2C) . As in Mayhew et al. (2000) , total hemoglobin (Hbt) was fixed at 100 M and saturation was set at 0.5. The PLSA algorithm is essentially the same as that used by Cope et al. (1991) using a modified version of the BeerLambert Law, which includes terms for the differential path lengths over the range of wavelengths used. In the current study, analysis was conducted in the wavelength range 505-620 nm.
Calculation of Changes in Saturation
The spectroscopic analysis assumes a baseline value of the concentration of hemoglobin and its saturation (Hbt ϭ 100 M, saturation ϭ 0.5) and under these assumptions the method returns the changes in Hbr and oxyhemoglobin (HbO 2 ) in M units. The equation for changes in saturation (⌬S) in terms of changes in hemoglobin concentration is as follows (Mayhew et al., 2000) (the subscript 0 is used to denote baseline values):
Hbr 0 ⌬Hbr.
(1)
Calculation of CMRO 2 (the Saturation Method)
The expression
is conventionally used to relate change in CMRO 2 to changes in oxygen extraction fraction and changes in blood flow (Ogawa et al., 1993a,b) . OEF is the oxygen extraction fraction. CBF is the cerebral blood flow. It is tempting to assume that since that OEF ϭ (S a Ϫ S v )/S a (where S a and S v are arterial and venous saturations, respectively) and S a is 1, OEF is equal to 1 minus the saturation derived from OIS measurements. This is true if the saturation measure is derived solely from the venous compartment. As OIS is intrinsically from a well-mixed compartment this is certainly not the case. A much weaker assumption is that
This is supported by computer models of the capillary system (Mayhew et al., 2001b) . Equation (2), relating CMRO 2 to OEF and CBF, can also be written as
where ␣ ϭ 1 ϩ (⌬CBF/CBF 0 ). Although OEF cannot be measured directly, we know from Eq. (3) that it can be estimated via saturation, which is measurable using OIS, yielding
Hence the changes in CMRO 2 can be expressed as
This allows the calculation of the time series of CMRO 2 changes from the flow measurements and the ratio ln(S)/ln(S 0 ) obtained from OIS measurements over a range of values of baseline OEF. The baseline OEF was varied from 0.2 to 0.7 to produce time courses of CMRO 2 for each stimulation intensity and level of hypercapnia.
Calculation of
The relationship between fractional changes in CBF (blood volume flux per unit time through a tissue volume element) and blood volume (CBV) was established by Grubb et al. (1974) . Under the assumption that changes in CBV are proportional to changes in Hbt, Grubb's relationship becomes
Solving for ,
To compare flow-volume changes across the different conditions the issue arises concerning which measure of the changes is appropriate for the different conditions. We have explored many with much the same result (see Results). The values presented for the hypercapnia conditions are the peak flow and volume for each subject. For the stimulation condition the flow and volume values are taken at the "first peak" (ϳ4 s after stimulus onset) and at the time of stimulus offset. 
RESULTS
Optical Imaging Spectroscopy and Laser Doppler Flowmetry
Extended Stimulation
Under the assumption that hematocrit remains constant, and as normalized fractional changes with respect to baseline are used, the terms CBV and Hbt are used interchangeably. Figure 2A shows the hemodynamic response to extended stimulation (20 s, 5 Hz, 0.4 -1.6 mA) of the whisker pad. Stimulation occurred from the 10th to the 30th second of each trial. Following stimulation there are fast transient increases in deoxyhemoglobin at the higher stimulation intensities (1.2-1.6 mA), which peak 1.2 s after stimulus onset (see Fig. 2C ). Although there is a trend toward an increase at all stimulation intensities, the peak of the dip is above the standard deviation of the control period only at these two intensities. Hbr then decreases below baseline, reaching minimum at ϳ4.2 s after stimulus onset. It then increases slightly but remains at a below-baseline plateau until stimulus offset, when it returns to baseline at the end of the trial (0.4 -1.2 mA) or shortly thereafter (1.6 mA, ϳ1.4 s after trialprojected). Hbt and CBF increase within ϳ0.5 s after stimulus onset reaching a peak ϳ4.5 s after stimulus onset. The time course of HbO 2 is similar to that of Hbt and CBF, except that it has a longer latency (1 s) and reaches peak slightly later (ϳ5.25). After peak has been reached each aspect of the hemodynamic response decreases slightly but remains at an elevated plateau until stimulus offset. After stimulus offset they return to baseline with a long decay constant (Ͼ20 s). Figure 3 shows the mean time course of HbO 2 , Hbr, and Hbt as measured by OIS, and CBF as measured by LDF, following extended stimulation of the whisker pad at 1.2 mA (20 s, 5 Hz, n ϭ 7). Shown for comparison is the mean time series of these hemodynamic variables following a brief stimulus (1 s) at the same stimulation intensity and frequency (1.2 mA, 5 Hz, adapted from Jones et al., 2001) . The CBF, Hbt, and HbO 2 time series are similar following both long and brief stimuli, until the peak of the "brief stimulus time series" is reached. After which, the "long stimulus time series" continues increasing to plateau while the short stimulus time series decays to baseline. Hbr shows an attenuated early increase in the long stimulus condition but it is within the SD of the short stimulus data. The time series of Hbr are similar in both stimulus conditions until the minimum of the brief stimulus time series is reached. Thereafter, the long stimulus time series continues decreasing to plateau while the brief stimulus time series returns to baseline. Figures 4A and 4B show the time series of HbO 2 , Hbt, and Hbr (as measured by optical imaging spectroscopy) and CBF (as measured by LDF) following the addition of 5 and 10% CO 2 to the inspired gas mixture for the second minute of a 4-min trial. Both levels of hypercapnia produce rises in CBF, CBV, and HbO 2 and decreases in Hbr shortly after the addition of CO 2 . The changes continue until 10 s after cessation of hypercapnia and they return to baseline ϳ100 s later. Figure 5A shows the flow and volume data for the 1.6-mA condition normalized between 0 and 1 with respect to the peak and baseline values to allow further comparison of the temporal characteristics of CBV and CBF changes. They have very similar onset times (see inset). Although there is a possible lag at plateau between flow and volume it is small (Ͻ1 s) and mean values are well within the SD of CBV (not shown). During stimulation they have highly similar time courses until stimulus offset after which volume returns to baseline at a slower rate than does flow. However, volume in normalized units is not greater than the SD of flow until the end of the trial (not shown).
Comparison of Brief and Extended Stimulation
The Hemodynamic Response to Hypercapnia
CBV and CBF
Temporal Dynamics
Figures 5B and 5C show normalized flow and volume data for the 5 and 10% hypercapnia conditions. As with stimulation, CBV and CBF have similar time courses throughout. Figure 6A shows a scatter plot of the log of the fractional change in CBF plotted against the log of the fractional change in CBV for each subject for each of the stimulation conditions at the time of the first peak (*) and at the time of stimulation offset (E). Figure 6B shows a similar plot for the maximum flow and volume for 5 and 10% hypercapnia. From Eq. (8) it follows that the gradient of a line fitted through the points gives a value of . For stimulation, this is similar for the two time points at which the values are taken. A value of ϭ 0.2564 Ϯ 0.0152 was found at the first peak and a value of ϭ 0.2685 Ϯ 0.0169 was found at the time of stimulation offset. For hypercapnia the value is slightly higher than for stimulation but is similar for both levels of hypercapnia ( ϭ 0.3159 Ϯ 0.0188, ϭ 0.3274 Ϯ 0.0269, and ϭ 0.3251 Ϯ 0.0172 for 5 and 10% FICO 2 and both levels grouped together, respectively). We have explored taking different points along the time series to calculate and found very similar results regardless of where during the stimulus or hypercapnia the points are taken. However, as after stimulus offset the time series of CBF and CBV diverge (Fig. 5) , it suggests that Grubb's Power Law is not appropriate for this part of the time course.
Grubb's Power Law
Estimates of CMRO 2
Figures 7A and 7B show the time course of CMRO 2 for a range of assumed baseline oxygen extraction fractions (OEF 0 ϭ 0.2-0.7) for brief hypercapnia (5 and 10%, respectively). For the majority of the baseline OEFs (0.2-0.6) the time courses are biphasic, increasing rapidly after CO 2 onset and reducing below baseline after CO 2 cessation. For the OEF 0 above this (0.7) the CMRO 2 does not "drop" below baseline. As it is commonly assumed that hypercapnia does not increase tissue metabolism (e.g., Nioka et al., 1987 ) the baseline OEF was found which best provided a biphasic CMRO 2 time series in which the "area" of the response above baseline was equal to the area of the response below baseline. If it is assumed that there is no "net" increase in CMRO 2 (i.e., ¥⌬CMRO 2 ϭ 0 and consequently ¥(CMRO 2 ϩ ⌬CMRO 2 /CMRO 2 ) ϭ 1) then the corresponding baseline oxygen extraction fraction is 0.46 and 0.44 for 5 and 10% hypercapnia, respectively. This gives a mean OEF 0 of 0.45. The time series of CMRO 2 after assuming these baseline OEFs are shown in black. Figure 7C shows the time series of CMRO 2 estimates for each stimulation intensity for an assumed baseline oxygen extraction fraction of 0.45 (the mean of 0.44 and 0.46). CMRO 2 increases rapidly after stimulation onset, reaching a plateau at ϳ2.5 s. Thereafter the 1.2-mA stimulus produces a constant CMRO 2 and returns to baseline following offset. After a "plateau" is reached the 1.6-mA condition carries on, increasing in an upward slope which stops after stimulation offset and then returns to baseline. After the plateau the 0.8-mA condition decreases slightly and remains at this level until stimulus offset and then returns to baseline. There is evidence for increases in oxygen consumption following neural activation for each of the stimulation conditions.
DISCUSSION
The Early Dip
We have previously demonstrated the presence of an early increase in deoxyhemoglobin in rodent barrel cortex following brief stimulation (1 s) of a single whisker (Mayhew et al., 2000) and electrical stimulation of the whisker pad (Jones et al., 2001; Mayhew et al., 2000) . Here, we also demonstrate the "dip" with extended electrical stimulation (20 s) of the whisker pad at the two highest stimulus intensities (1.2 and 1.6 mA; Fig. 2C ). At 0.4 and 0.8 mA there is a trend toward an early increase in Hbr but the peak is not above the SD of the control period. In comparison to our previous studies data were averaged over 15 rather than 30 trials to compensate for the increased data collection overheads associated with longer trials. The resulting reduced removal of prestimulus noise may account for the inability of the dip to rise above the variation in the control period at this intensity.
CMRO 2
We previously reported that under mild hypercapnia (FICO 2 ϭ 4%) the flow-CMRO 2 coupling was significantly Ͼ0 (i.e., increases in flow were accompanied by increases in oxygen consumption). The paradigm consisted of collecting spectroscopic data sequences in which the CO 2 was gradually added to the inspired gases and, once at the correct percentage, remained at this level for the rest of the trial. Here, hypercapnic "episodes" are produced by quickly adding and removing CO 2 from the inspired air. This produces biphasic CMRO 2 time series that increase and then decrease below baseline following the cessation of hypercapnia (Figs. 7A and 7B) . It could be the case that oxygen enters tissue and then simply "comes" back out again as the elevated flow returns to baseline. This is appealing as it would seem to reconcile classic findings that hypercapnia does not produce increases in CMRO 2 (Hafkenschiel and Friedland, 1952; Kety and Schmitdt, 1948; Novack et al., 1953) , but that it also dynamically increases the amount of available tissue oxygen (Clark et al., 1958) . Hypercapnia has become an important calibration stage in brain imaging studies as it facilitates the calculation of baseline parameters (Davis et al., 1998) . Indeed, with OIS, although a link between the ratio of saturation and the OEF changes can be made (Mayhew et al., 2001b) , difficulty arises in the calculation of the baseline OEF. If there is assumed to be no "net" increase in CMRO 2 during hypercapnia (i.e., ¥⌬CMRO 2 ϭ 0) then the corresponding estimate of baseline OEF is 0.45, which is similar to commonly assumed values (e.g., 0.4; Buxton and Frank, 1997; Hathout et al., 1995) . For stimulation, evidence is again provided for increased CMRO 2 regardless of stimulation intensity or assumed baseline OEF. If the flow-CMRO 2 gradient is calculated for a baseline OEF of 0.45 the gradient is 0.43, which is similar to the 2:1 ratio reported for brief stimulation (Jones et al., 2001) and human visual cortex (Hoge et al., 1999b) .
Flow and Volume
Temporal Dynamics
Flow and volume have very similar time courses for both stimulation and hypercapnia in terms of onset and time to peak (Fig. 5) . Like volume-sensitive MRI (Mandeville et al., 1998 (Mandeville et al., , 1999a Palmer et al., 1999) , optical imaging spectroscopy cannot determine from where within the microvasculature the measured vol- ume changes occur. If volume changes occur predominantly in the venous compartment then lags between flow and volume would be expected. However, given the short cerebral transit time in rat (0.5 s; Nakagawa et al., 1995) it is doubtful whether such lags could be detected with the current techniques. Furthermore, LDF measurements, which are derived from a hemisphere of tissue (radius 1-1.5 mm), are likely to reflect both the flow into and the flow out of the venous compartment. Notwithstanding, whether the measured volume changes could reflect arterial volume is a moot point. Arterial volume changes are often ignored; indeed, if the majority of cerebral blood volume is assumed to be postarteriole (e.g., 95%; Mandeville et al., 1999a; Mchedlishvili, 1986) then it follows that large changes in arterial volume would contribute little to changes in total CBV. However, it is known that small arterioles dilate under conditions of elevated CBF (Akgoren and Lauritzen, 1999; Iadecola et al., 1997; Woolsey, 1996) . Furthermore, a recent study reports that arteriole volume comprises 25% of total volume at rest and this can rise to up to 40% during hypercapnia (Lee et al., 2001) . Grubb et al.'s (1974) relationship between blood flow and volume is CBV ϭ CBF , where ϭ 0.38. We found values for of 0.32 Ϯ 0.0172 and 0.26 Ϯ 0.0152 for hypercapnia and stimulation, respectively (Fig. 6) . We previously reported a value of 0.3 (Jones et al., 2001) for hypercapnia but this was calculated for only one "level" (FICO 2 ϭ 5%). Grubb explored the relationship over a much wider range of PCO 2 (15-76 mm Hg) encompassing both hypo-and hypercapnia. Here we report similar values for two levels of hypercapnia (FICO 2 ϭ 5 and 10% and PCO 2 ϭ 49 and 70 mm Hg, respectively). The value of for the stimulation data was similar regardless of from where during the presentation of the stimuli it was calculated. This is in contrast to Mandeville et al. (1999a) , who found that varied for stimuli of different durations. Values of 0.18 for a 6-s stimulus and 0.36 for a longer stimulus (30 s) were reported. Like us, Mandeville et al. (1999a) found differences in the time series of flow and volume as they return to baseline. This suggests there are complexities in the CBF-CBV relationship that are not captured by Grubb's power law.
Power Law
An important difference between the present study and the work of Mandeville and colleagues is the way in which volume is measured. LDF is based on the Doppler shifts that occur with erythrocyte flux and therefore is well matched to OIS "volume" measurements that are based on the concentration of hemoglobin. However, CBV also contains a plasma component. Other volume measurement techniques such as contrast agent-based MRI, in which the contrast agent is in sufficient concentration, are almost completely derived from the plasma compartment. While it is expected that increases in plasma volume and red blood cell volume are correlated in the larger microvessels, in the capillary bed, where red blood cell stacking is known to occur, it is to be expected that hematocrit may be different at different flow rates.
SUMMARY
We have used simultaneous LDF and OIS in rodent barrel cortex to examine the hemodynamic response to extended electrical stimulation (20 s, 5 Hz) of the whisker pad and brief hypercapnia (60 s, 5%, 10%). Stimulation (0.8 -1.6 mA) resulted in a fast early increase in Hbr followed by a later decrease to a plateau. The time series of flow and volume had similar onset times and displayed temporal concordance throughout the presentation of the stimulus. The time courses of CBF, Hbt, Hbr, and HbO 2 were similar to that produced by a brief stimulus up to peak. Following the offset of extended stimulation the volume returned to baseline at a slower rate than flow. The relationship between the flow and the volume changes can be approximated by the expression CBV-CBF . We find to be slightly lower under stimulation (0.26 Ϯ 0.0152) than during hypercapnia (0.32 Ϯ 0.0172). Evidence for increased oxygen consumption was obtained even at the lowest stimulation intensity. In the case of hypercapnia the estimates of CMRO 2 changes were biphasic, increasing after onset and sharply decreasing below baseline following cessation.
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